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An 18 year data-linkage study
on the association between air
pollution and acute limb
ischaemia
Catherine A. Fitton1, Bianca Cox2, James D. Chalmers1, and Jill J. F. Belch1
1 University of Dundee NHS Tayside, Ninewells Hospital and Medical School, Dundee, UK
2 Centre for Environmental Sciences, Hasselt University, Diepenbeek, Belgium
Summary: Background: There is limited information regarding the effects of air pollutants, such as nitrogen oxides (NOx),
nitric oxide (NO2), nitrous oxide (NO) and particulate matter with a diameter smaller than 10 μm (PM10), on acute limb
ischaemia (ALI), a peripheral arterial disease (PAD) often with a poor clinical outcome. Patients and methods:We conducted an
18-year retrospective cohort study using routinely collected healthcare records from Ninewells Hospital, Dundee, and Perth
Royal Infirmary, in Tayside, Scotland, UK from 2000 to 2017. ALI hospitalisation events and deaths were linked to daily NOx,
NO2, NO and PM10 levels extracted from publicly available data over this same time period. Distributed lag models were used
to estimate risk ratios for ALI hospitalisation and for ALI mortality, adjusting for temperature, humidity, day of the week,
month and public holiday. Results: 5,608 hospital admissions in 2,697 patients were identified over the study period (mean
age 71.2 years, ±11.1). NOx and NO were associated with an increase of ALI hospital admissions on days of exposure to
pollutant (p=.018), while PM10 was associated with a cumulative (lag 0–9 days) increase (p=.027) of ALI hospital admissions
in our study. There was no increase of ALI mortality associated with pollution levels. Conclusions: ALI hospital admissions
were positively associated with ambient NOx and NO on day of high measured pollution levels and a cumulative effect was
seen with PM10.
Keywords: acute limb ischaemia, pollution, hospital admissions, death
Introduction
Globally, 8.8 million deaths and 85 million disability
adjusted life years (DALYs) a year are associated with air
pollution [1]. While pollution related illnesses are often
linked with middle- and low-income countries, pollution
remains an important factor in developed countries, with
around 40,000 deaths/annum in the UK [2]. Air pollution
has been linked to a range of conditions [3], such as: cancer,
asthma, exacerbations of bronchiectasis, stroke, heart dis-
ease, diabetes, and dementia.
Currently, limits on air pollution in Scotland are set by the
Scottish government, using theWorld Health Organization’s
(WHO) air quality guidelines [1]. While the WHO docu-
ments give so-called “safe levels”, it is recognised that they
are unlikely to be entirely safe for the whole population [4].
In Scotland, limits of 40 μg/m3 for nitrogen dioxide (NO2),
30 μg/m3 for nitrogen oxide (NO) and 18 μg/m3 for partic-
ulate matter with a diameter smaller than 10 μm (PM10),
have been set, and low emission zones have been introduced
to larger cities in an effort to decrease air pollution from traf-
fic. Despite this, air pollution is frequently not appreciated
by Councils, particularly in semi-rural towns where it is seen
as a “big city” problem, and pollution limits are not
enforced.
Acute limb ischaemia (ALI) is defined as a sudden
decrease in lower limb perfusion [5] which can lead to
extensive tissue necrosis unless treated urgently [6]. ALI
affects 1–1.5 individuals per 10,000 per year [7], and causes
can be broadly split into two groups: embolism and throm-
bosis, excluding trauma [5]. Air pollution has been linked
previously with embolism [8, 9] and thrombosis [9, 10] in
other arterial regions. Air pollution is thought to induce
inflammation [11], which triggers ischaemic damage by
arteriosclerosis or thrombosis [12, 13, 14, 15]. There is no
literature regarding the effects of air pollution on the inci-
dence of ALI, a disease which can have serious conse-
quences for the patient, such as amputation and
significant disability.
This study, from the Tayside Pollution Research Pro-
gramme (TPRP), aimed to investigate the association of
air pollution on ALI hospital admissions and deaths over
an 18-year period, across Tayside, a semi-rural area of
Scotland, containing two of Scotland’s smaller cities:
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Dundee (population circa 148,270) and Perth (population
circa 44,820).
Materials and methods
This is a time series cohort study using data linkage.
Exposure variable is pollutant (NOx, NO2, NO, PM10).
Confounding variables are temperature, humidity, day of
week, public holiday, month and year. Outcome variable
is ALI admission
Consent for the study was given by the Tayside Caldicott
Guardian. Ethics approval and patient consent were not
required as this data linkage study did not include patient
participation. All data storage and analyses were carried
out on anonymised data, held within the Safe Haven, the
Tayside Health Informatics Centre (HIC). Hospital data is
available from HIC with appropriate permissions. Pollution
data is publicly available from: https://uk-air.defra.gov.uk/
data/data_selector.
Patient population and patient data
linkage
This manuscript describes a record linkage study of hospi-
tal admissions at Ninewells Hospital, Dundee, UK and
Perth Royal Infirmary, Perth, UK, from January 1st 2000
to December 31st 2017. These two hospitals are the catch-
ment hospitals for ALI patients. Unique personal identifier
codes (CHI) were used to extract electronic medical
records from the Scottish Morbidity record 01 (SMR01)
database that documents all hospitalization events in
Scotland. Deaths were extracted from the National Records
of Scotland (NRS) database.
Hospital admission and death definition
Hospital admissions and deaths of interest were agreed a
priori and were defined by ICD10 code (2016 addition)
recorded on the SMR01 or NRS records. Hospital admis-
sion for ALI or cause of death as ALI was defined as an
IDC10 code of: I739: peripheral vascular disease, unspeci-
fied; I74: arterial embolism and thrombosis; or I702:
atherosclerosis of arteries of extremities (full list of codes
can be viewed in electronic supplementary material
[ESM] 1). Only those with the appropriate ICD10 codes
listed as a primary reason for hospital admission or death
were included. Our vascular surgeons were consulted and
confirmed that these ICD10 codes are used to capture
“new onset acute limb ischemia within previous 24–
48 hours with no past history of chronic critical limb ische-
mia”. Hospital admissions and deaths were restricted to
patients over 45 and were aggregated to provide daily total
ALI admissions and death. Admissions were also restricted
to only those who reside in Dundee and Perth, in the
following postcode districts: DD1, DD2, DD3, DD4, DD5,
DD6, DD7, PH1 and PH2.
Pollution data
Pollution information is measured daily at urban back-
ground sites, throughout the UK, as part of the UK’s Auto-
matic Urban and Rural Network (AURN). Daily NOx, NO2,
NO and PM10 concentrations measured in Dundee and
Perth were used for the analysis. Pollution data from
Seagate was used for Dundee, while Atholl street was used
for Perth. Data on mean air temperature and relative
humidity were obtained from the UK Meteorological
Office. Temperature and humidity data from Dalwhinnie
were used for Perth, while temperature data from
Mylnefield, near Dundee and humidity data from
Leuchars, Fife was used for Dundee.
Supplemental figures 2, 3, 4 (ESM 2, 3, 4) show the
measurement stations and postcode areas used. As pollu-
tion levels showed similar patterns and levels of pollution
in each city, pollution levels were combined, and a daily
average calculated and used for the analysis.
Where <23 data points were missing over a day, the rest
of the points were averaged for the day. Where all data
points were missing for the day, the day was excluded.
The total number of excluded days was 4.
Statistical analysis
To account for delayed effects of air pollution onALI admis-
sions, we combined quasi-Poisson regression with dis-
tributed lag (non-linear) models (DL(N)M) [16, 17], using
separate models for PM10, NOx, NO2 and NO. DL(N)Ms
enable the investigation of the temporal pattern of the asso-
ciation, providing an estimate of the “overall” effect of the
high measured pollution levels, incorporating potential
delayed and harvesting effects. A DL(N)Mmodel is defined
through a “cross-basis” function, a bi-dimensional space of
functions describing simultaneously the shape of the rela-
tionship along the spaceof the predictor (exposure-response
function), and its distributed lag effects (lag-response func-
tion). We used a linear exposure-response function for the
association between air pollution exposure and hospital
admissions/deaths. The number of days included in the
cross-basis was chosen based on visual inspection of the
3D exposure-lag-response surfaces. As exposure-response
curves of all pollutants were relatively flat (i.e. risk ratios
close to one) nine days after the high measured pollution
levels, an extended lag period of 0–9 days (day of exposure
up to 9 days after) was used. The lag structurewasmodelled
with a natural cubic splinewith two degrees of freedom (df),
placing the knots at equally spaced values on the log scale of
lags to allow more flexible lag effects at shorter delays [18].
Categorical variables for day of the week (1–7), month (1–12)
and public holidays (0 or 1) were included in the model to
control for any weekly or monthly patterns in ALI admis-
sion. To account for the (potentially delayed) effects of
meteorological factors on ALI admissions [19], we also
included DLNM cross-bases for mean temperature and
for humidity in the model. In both cross-bases, the maxi-
mum lag was set to 14 days and natural cubic splines with
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five df were used to model the exposure-response and the
lag-response functions, respectively.
Risk ratios (RR) of hospital admissions and deaths were
calculated for a 10 μg/m3 increase in air pollutant concen-
trations. Reported estimates, computed as the risk at day 0
(day of high measured pollution levels), and the cumulative
risk over the total lag period, are presented with corre-
sponding 95% confidence intervals (CI).
In a next set of DL(N)M models, air pollution exposures
were categorized into quartiles, and RRs of ALI admissions
for high pollution days (fourth quartile) versus low pollution
days (first quartile) were estimated. As there was little dif-
ference between pollution levels in Dundee and Perth,
quartiles were calculated by using combined pollution data.
Potential reduction in ALI admissions were calculated,
using mean total admissions. These estimates were used to
calculate the potential reduction in ALI admissions for a
reduction in air pollution concentrations from the fourth to
the first quartile. The reduction was calculated relative to
the mean number of admissions over the study period. Due
to the small numbers of ALI related deaths during the study
period (n=1003 deaths with ALI recorded as primary cause
of death), potential reduction of deaths associated with
pollution reductionwere not calculated. All analyses were per-
formedwith the statistical software R (R Foundation for Statis-
tical Computing, Vienna, Austria) using the “dlnm” package
(https://cran.r-project.org/web/packages/dlnm/index.html).
Results
Over the 18-year study period, out of 5,608 admissions to
hospital 2,697 people had a primary admission reasons of
ALI, as defined in the methods. Of these, 4,280 admissions
in 2,032 people were within Dundee, and 1,328 admissions
in 665 people were from Perth. For the ICD10 codes of
I702, I739 and I74, there was a total of 28, 2460 and 318
patients admitted to hospital over the study period, respec-
tively (with 112 of these being admitted for more than one
code). This accounted for 33, 5,181 and 394 admissions
respectively. The average age of patients admitted for
ALI was 71.2 years (SD=11.1 yrs). There were 1003 deaths
where the primary cause of death was registered as ALI
over the study period.
Pollutant levels of the study area and split for city are dis-
played in Table I. Quartiles were defined using joint data
for Dundee and Perth.
ALI hospital admissions
Figure 1 shows lag-specific RRs for ALI hospitalization
associated with a 10 μg/m3 increase in air pollution concen-
trations. Increased ALI hospitalization was observed on the
day (lag 0) and the day after (lag 1) the exposure for all pol-
lutants. Same-day (lag 0) RRs for a 10 μg/m3 increase in air
pollutant concentrations were significant for NOx (1.006;
95% CI 1.001–1.011)) and NO (1.012; 95% CI 1.002–
1.022), but not for NO2 (1.020; 95% CI 0.998–1.042))
and PM10 (1.018; 95% CI 0.991–1.046) (Table II). Corre-
sponding cumulative (lag 0–9) estimates did not reach sig-
nificance for any of the pollutants. RRs for high (fourth
quartile) versus low (first quartile) air pollution concentra-
tions on the day of exposure (lag 0) were statistically signif-
icant for all four pollutants: 1.185 (95% CI 1.072–1.309),
1.098 (95% CI 1.000–1.206), 1.203 (95% CI 1.089–1.330)
and 1.068 (95% CI 0.990–1.152), for NOx, NO2, NO and
PM10, respectively. Although day of high pollution did
not produce significant results for PM10, corresponding
cumulative (lag 0–9) estimate was significant for PM10
(RR=1.283; 95%CI 1.028–1.601), though the lag phase data
were not significant for the others.
Reduction in ALI hospital admissions
There was an average of 320.5 ALI hospital admissions per
year over the study period. If pollution levels were kept
within the quartile 1 level of pollution for NOx, NO2, NO
and PM10, we calculated that this would result in a poten-
tial 19–32% reduction in ALI admissions (Table III).
Mortality data
There was no association between any of the pollutants,
NOx, NO2, NO and PM10 and an increased risk of ALI
deaths during the study period, when assessing pollution
as 10 μg/m3 increments or as quartiles (ESM 5).
Discussion
This study assessed the relationship between NOx, NO2,
NO and PM10, air pollution on ALI hospital admissions
and deaths, in Tayside, Scotland. We report the novel find-
ing in ALI that NOx and NO were significantly associated
Table I. Pollution levels in Dundee and Perth over the study period
All data Dundee Perth
Min P25 Median P75 Max Min P25 Median P75 Max Min P25 Median P75 Max
NOx 16.1 109.0 146.0 190.0 570.0 11.3 120.4 165.0 210.4 713.0 18.1 94.5 134.0 182.0 615.0
NO2 9.3 41.2 51.1 61.7 118.0 7.8 39.5 49.7 56.0 150.0 0.0 39.4 52.0 64.1 136.0
NO 4.5 44.2 61.8 84.7 294.0 1.7 51.9 75.0 98.2 367.0 5.4 34.9 52.9 76.9 323.0
PM10 2.9 12.5 16.8 22.8 89.5 1.0 9.2 13.4 19.5 93.6 1.0 15.8 21.0 27.5 105.0
Mean and median for the whole study period, and for 2017 only, and highest/lowest quartiles are given. Pollution is measured as μg/m3. NOx: nitrogen
oxides; NO2: nitric oxide; NO: nitrous oxide; PM10: particulate matter with a diameter smaller than 10 μm.
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with an increase of ALI hospital admissions on the day of
exposure, with evidence of an effect throughout the lag
period, which reached significance for PM10. There was
no association between ALI deaths and high pollution
levels.
There is some early work on air pollution and develop-
ment of peripheral arterial disease in general [20, 21, 22]
but no-one has evaluated the effect on ALI. Our study
therefore adds a novel finding to the limited knowledge
regarding the adverse effects of NOx and NO air pollution,
which is increasing Acute Limb Ischaemia events on high
pollution days. As NOx is a majority mixture of NO, NO2
with other particulates, it is likely that the increased risk
for NOx is driven by the NO proportion in our study. We
know that these gases, when inhaled, reach the blood
streamwhere they have a noxious effect by directly damag-
ing endothelium, increasing blood pressure and increasing
the oxidation of LDL [23] and it is therefore unsurprising to
see an immediate effect on the day of high gas levels.
PM10 pollution is arguably the most researched con-
stituent of air pollution and has previously been linked with
various adverse cardiovascular outcomes [24]. Exposure to
Figure 1. Slice diagrams demonstrating the risk ratio trend for acute limb ischaemia (ALI) hospital admissions over the lag period (0–9 days) for a
10 μg/m3 increase in particulate matter with a diameter smaller than 10 μm (PM10), nitrogen oxides (NOx), nitric oxide (NO2), nitrous oxide (NO).
Table II. Adjusted risk ratios with 95% confidence intervals at day 0 and cumulative risks (0–9 days) for Acute Limb Ischaemia hospital
admissions and exposure to 10 μg/m3 increase in pollutants and quartile 4 vs quartile 1
10 μg/m3 Q4 vs Q1
RR (95% CI) P value RR (95% CI) P value
Day 0
PM10 1.018 (0.991–1.046) 0.197 1.068 (0.990–1.152) 0.089
NOx 1.006 (1.001–1.011) 0.018 1.185 (1.072–1.309) 0.001
NO2 1.020 (0.998–1.042) 0.072 1.098 (1.000–1.206) 0.050
NO 1.012 (1.002–1.022) 0.018 1.203 (1.089–1.330) <0.001
Cumulative
PM10 1.039 (0.965–1.119) 0.316 1.283 (1.028–1.601) 0.027
NOx 1.001 (0.986–1.017) 0.907 1.148 (0.837–1.576) 0.400
NO2 0.986 (0.924–1.053) 0.685 1.003 (0.747–1.346) 0.986
NO 1.010 (0.982–1.039) 0.499 1.138 (0.832–1.529) 0.412
Models adjusted for day of week, month, public holiday, daily temperature and humidity. NOx: nitrogen oxides; NO2: nitric oxide; NO: nitrous oxide; PM10:
particulate matter with a diameter smaller than 10 μm.
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PM10 has been postulated to produce systemic inflamma-
tion, thrombotic reaction, and autonomic nervous system
imbalance [25, 26, 27]. There is a large body of literature
of how air pollution affects arteries, although most experi-
mental work has been done on peripheral arteries, the
papers use these experiments to extrapolate to coronary
vessels and may also explain ALI. We report a significant
association between the ALI hospitalisation and the cumu-
lative effects of PM10. PM10 particles induce an inflamma-
tory repose over time. Exposure to PM 10 is associated with
elevated systemic levels of C-reactive protein (CRP),
elevated blood viscosity and thrombus formation [28].
We also calculated that if pollutant levels were reduced
to quartile 1 levels there is a potential to reduce ALI hospital
admissions by 30%.However, we cannot say what the asso-
ciation is between each pollutant type.
Limitations
Some limitations of the study should be addressed: firstly,
the study design does not take into account individual
person factors (previous cardiovascular disease, smoking,
diabetes), which may be associated with ALI admissions,
or extent of exposure, although we did exclude the
ICD10 codes for ALI secondary to diabetes which would
have excluded all patients with known diabetes at the time
of admission. It is unlikely that chronic risk factors are asso-
ciated with short-term fluctuations in air pollution levels,
however future welldesigned cohort studies taking into
account key risk factors and comorbidities would be helpful
to confirm the findings in this study.
Secondly, it is recognised that air pollution can promote
arrythmia [29] and arrythmia is a common cause of ALI,
when an embolus is thrown off from a fibrillating heart.
We are unable to determine if this was the case, as we
had no access to ECGs. If embolus were the cause this
would make the ALI a secondary effect of the pollution,
albeit a most serious one.
We also used single monitoring stations in Dundee and
Perth to estimate personal exposure to air pollution, which
may result in magnitude of effects on exposures to air pol-
lution obtained from regression modelling to be smaller
than the actual impact, due to non-systematic exposure
misclassification [30]. Furthermore, as the pollutants are
modelled separately, we cannot say whether they provide
an additive effect. NOx, NO2 and NO are likely to be
highly correlated. In addition to these limitations, ambient
air pollution may not translate directly to population
exposure.
Another limitation of this study is there is no way to
determine whether use of ICD10 codes used to identify
hospital admissions is consistent between hospitals or over
time.
There has been a focus on improving air quality in the UK
for the past 20 years, which has largely centred on the
reduction of PM10 pollution. However, more needs to be
done in Tayside, and elsewhere, where these results might
be extrapolated, to address the high NOx and NO pollution
levels, particularly considering the increased risks reported
here, and in other studies [11, 12, 13, 14, 15, 26].
Conclusions
We report for the first time a significant increase of acute
limb ischaemia hospital admissions following high mea-
sured pollution levels of NOx, NO and PM10 air pollution
on day of exposure. If air pollution were kept to low levels,
acute limb ischaemia hospital admissions in Tayside could
be potentially reduced by 30%.
Electronic supplementary material
The electronic supplementary material (ESM) is available
with the online version of the article at https://doi.org/
10.1024/0301-1526/a000972
ESM 1. Table of ICD10 codes used over the study period
and descriptions. ICD10 codes did not change through
the updated versions of ICD10, and so these codes are
valid for each reiteration (2000–2106) (Table)
ESM 2. Map of Scotland districts. Dundee city, Perth
city, Milnfield and Leuchars stations are marked (Figure)
ESM 3. Dundee postcode districts, with city centre
marked. DD1, DD2, DD3, DD4, DD5, DD6 and DD7
were used in this study (Figure)
ESM 4. Perth postcode districts with city centre marked.
PH1 and PH2 used for this study (Figure)
ESM 5. Adjusted risk ratios with 95% confidence inter-
vals at day 0 and cumulative risks (0–9 days) for acute
limb ischemia deaths and exposure to 10 μg/m3 increase
in pollutants, and quartile 4 vs quartile 1 (Table)
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